children; drug susceptibility; fosfomycin; urinary tract infection; vesicoureteral reflux Background: Urinary tract infections (UTIs) in children with vesicoureteral reflux (VUR) are often caused by uropathogens with a high rate of drug resistance and are associated with a high rate of recurrence with a single pathogen. In this study, we evaluated the incidence of recurrent UTI and the drug resistance pattern of Escherichia coli in children with VUR. We also evaluated whether combination therapy comprising fosomycin plus one other antimicrobial agent is effective for treatment of recurrent UTIs. Methods: We retrospectively reviewed the medical records of all children with VUR who developed at least one episode of UTI during the period January 1, 2003 to December 31, 2013 at a single medical center. The effectiveness of fosfomycin plus amikicin for Enterobacteriaceae or ceftazidime for Pseudomonas aeruginosa infections was prospectively studied in six children with recurrent relapsing UTIs. Results: The study population comprised 129 children (age range, from 1month to 15 years; mean AE standard deviation, 2.37 AE 2.91 years) with VUR who developed at least one UTI during the 10-year study period; 68 (52.7%) had recurrent UTIs. The presence of an underlying urinary tract anomaly was predictive of recurrence (p Z 0.028). The rates of susceptibility of E. coli to cefazolin (p < 0.001) and cefotaxime (p < 0.001) were significantly lower in patients with recurrent UTIs. Combination therapy with fosfomycin plus amikacin or ceftazidime was shown to be an effective therapeutic option for recurrent UTIs due to a single uropathogen.
Introduction
Urinary tract infections (UTIs) are one of the most common bacterial diseases in children, with a prevalence rate of 7.0% among febrile infants. 1 Recurrent UTI is a major cause of renal scarring, which can cause hypertension, chronic renal failure, and end-stage renal disease. 2, 3 Vesicoureteral reflux (VUR) is diagnosed in 18e40% of children who are investigated for a first episode of UTI. These children are at an increased risk of developing recurrent urinary tract and kidney infections, which, over time, can result in renal damage. 2, 3 Risk factors of recurrent UTI in children with VUR include high reflux grade, delayed contrast passage on voiding cystourethrograms, bilateral VUR, and age < 1 year. 3e5 Preventive strategies to reduce the risk of acute infection and renal injury in children with VUR include the administration of prophylactic antibiotics, endoscopic injection of dextranomer hyaluronic acid, antireflux surgery, maintenance of good perianal hygiene, and adequate hydration. 6 However, breakthrough infections due to drugresistant uropathogens sometimes occur, leading to significant morbidity.
Management of recurrent UTIs in children with VUR is difficult. Our hypothesis is that multiple factors may lead to treatment failure in patients with recurrent UTI, including drug-resistant uropathogens, the mechanism and duration of antibiotics, surgical damage, and biofilm formation. The aims of this study were to evaluate the incidence of recurrent UTI among children with VUR, to evaluate the incidence of drug resistance among Escherichia coli isolates from children with recurrent UTI, and to initiate a pilot study to evaluate the therapeutic effectiveness of fosfomycin for preventing recurrent UTI.
Methods
We retrospectively enrolled all children who were treated for a first episode of UTI and who subsequently received a diagnosis of VUR at the Taichung Veterans General Hospital, a 1200-bed tertiary hospital in central Taiwan, during the period from January 1, 2003 to December 31, 2013. Risk factors for recurrence, causative uropathogens, and antimicrobial susceptibility test results were obtained from the medical records.
Children with VUR were separated into a recurrent UTI group or a nonrecurrent UTI group. Clinical parameters for statistical analysis included gender, age, grade of VUR, and additional urinary tract anomalies. The degree of reflux on voiding cystourethrography was determined according to the International Reflux Study classification. 7 Additional urinary tract anomalies included ureteropelvic junction stenosis, renal collecting system anomalies (duplication, renal dysplasia, or ureterocele), bladder exstrophy, and neurogenic bladder. Children with recurrent UTI were also stratified into a reinfection or relapse group. Receipt of surgical intervention including endoscopic injection of dextranomer hyaluronic acid or antireflux open surgery was also evaluated.
A UTI was defined in this study as a single pathogen with adequate colony forming units (CFU)/mL cultured from a urine specimen obtained from voiding urine (> 100,000 CFU/mL), catheterized urine (> 10,000 CFU/mL), or suprapubic puncture (> 1000 CFU/mL). 8 Recurrent UTI was defined as significant bacteriuria in children with fever or dysuria during a 12-month follow-up period. Reinfection was defined as a recurrent UTI with a new bacterial isolate and relapse was defined as a recurrent UTI with the same bacterial isolate as the primary isolate.
E. coli is the most common cause of community-acquired UTI in children. In this study, children with UTI due to E. coli were divided into a first episode group or a recurrent episode group. Sensitivity of isolates to ampicillin, cefazolin, gentamicin, amikacin, trimethoprimesulfamethoxazole, cefotaxime or ceftazidime, cefepime, ciprofloxacin, meropenem, and piperacillinetazobactam was tested in vitro using the disk diffusion method according to the Clinical and Laboratory Standards Institute standards. 9 In our pilot study to evaluate the therapeutic effectiveness of fosfomycin for preventing recurrent UTI, we prospectively recruited six children with VUR and recurrent UTI. Patients with UTI due to Enterobacteriaceae species were administered fosfomycin 100e200 mg/kg/d every 8 hours for 7e10 days plus amikicin 15 mg/kg/d every 12 hours for 5 days. Patients with UTIs caused by Pseudomonas aeruginosa were given fosfomycin 100e200 mg/kg/d every 8 hours for 7e10 days plus ceftazidime 100e150 mg/kg/ d every 8 hours for 7e10 days.
Statistical analysis
Ordinal variables are expressed as means AE standard deviation (or median, range) and were compared between groups using the ManneWhitney U test. Categorical variables, expressed as percentages, were analyzed using the two-tailed Yates correction of contingency (when the expected value was > 5 with a 2 Â 2 table) or the Pearson's Chi-square test. Kendall's t-c (when there was a rectangular table) was used for tests of trend. A p value < 0.05 was considered to represent statistical significance. All analyses were performed using the statistical package SPSS for Windows (version 20; SPSS Inc., Chicago, IL, USA).
Results
During the 10-year study period, a total of 129 children with VUR developed UTIs; 68 (52.7%) had recurrent UTIs. The rate of recurrence was 52.7%. VUR in each patient was diagnosed after the first UTI. There were no significant differences in age at diagnosis of the first UTI, gender, reflux laterality, receipt of operation, or severity of reflux grade between the recurrent and nonrecurrent UTI groups. Underlying urinary tract anomalies were found in 21 (30.9%) patients in the recurrent group and in eight (13.1%) patients in the nonrecurrent group. Children with additional urinary tract anomalies were at greater risk of recurrent UTI than children without said anomalies (p Z 0.028; Table 1 ).
A total of 148 E. coli isolates were obtained from these patients. The rates of antimicrobial susceptibility to some antimicrobial agents empirically used as first-line treatment, such as cefazolin, gentamicin, and cefotaxime were markedly lower in patients with recurrent infection than in those with nonrecurrent infection (Fig. 1) . Rates of sensitivity to cefazolin (p < 0.001) and cefotaxime (p < 0.001) were significantly lower when used in patients with recurrent UTIs. Isolates remained highly susceptible to amikacin, cefepime, ciprofloxacin, meropenem, and piperacillinetazobactam in both groups.
Of the 68 children in the recurrent group, 44 (64.7%) developed reinfection, and 36 of them required surgical correction. The majority (n Z 33, 91.7%) did not develop further episodes of UTI after surgical correction. The other 24 (35.3%) children in the recurrent group had relapsing UTI, and 18 (75.0%) required surgical correction. Of those patients, 13 (72.2%) relapsed after surgery. A total of 45 isolates of uropathogens were collected from the 24 children with relapsing UTI. E. coli (53.3%) was the most commonly isolated uropathogen. Non-E. coli isolates included Klebsiella pneumoniae (15.6%), P. aeruginosa (11.1%), Proteus mirabilis (6.7%), Alcaligenes xylosoxidans (4.4%), Citrobacter freundii (2.2%), Klebsiella oxytoca (2.2%), Morganella morganii, and Serratia marcescens (2.2%; Table 2 ).
In the pilot study, six children with recurrent UTI due to a single uropathogen were prospectively enrolled to receive combination therapy comprising fosfomycin plus amikacin or ceftazidime (Patients AeF). During the follow-up period, one patient (Patient F) did not show evidence of further UTI and four patients (Patient B, C, D, and E) had recurrent episodes of UTI due to different uropathogens. One patient (Patient A), however, had a recurrent episode due to the same pathogen after combination therapy (Table 3 ).
Discussion
We found that children with reinfection responded well to surgical correction. The majority (91.7%) of children did not have further episodes of UTI after surgery during the 12 months of follow-up. Surgical intervention for persistent VUR or recurrent UTI, including both open and endoscopic methods, can provide curative treatment for some patients. 6 However, the recurrence rate after surgical correction in patients with relapsing UTI due to a single pathogen is as high as 75.0%. Urinary and ureteral catheters as well as surgery-related damage to structures can lead to biofilm formation, which is associated with a recurrent single uropathogen. E. coli isolates from UTI have been shown to form biofilm in vitro. 10 Biofilm represents a structured community of bacterial cells embedded in a selfproduced polymeric matrix that adheres to natural or artificial surfaces. The community is, therefore, protected from antimicrobial agents and host immune defenses. A recent review reported that the recurrence of UTI was mainly caused by a relapse of the preceding E. coli infection, which supports evidence that E. coli can invade and replicate within murine bladders, forming stable biofilmlike intracellular reservoirs for recurrent UTI. 11 It has recently been suggested that biofilm plays an important role in the pathogenesis or recurrence of UTI and persistent colonization with the same strain of uropathogen. A. xylosoxidans Z Achromobacter xylosoxidans; Age Z age at first episode of UTI; E. cloacae Z Enterobacter cloacae; E. coli Z Escherichia coli; ESBL Z extended-spectrum b-lactamases; F Z female; K. pneumoniae Z Klebsiella pneumoniae; M. morganii Z Morganella morganii; M Z male; P. aeruginosa Z Pseudomonas aeruginosa; P. mirabilis Z Proteus mirabilis; S. marcescens Z Serratia marcescens; T. beigelii Z Trichosporon beigelii; UTI Z urinary tract infection.
Based on our results, therapeutic strategies for recurrent UTI in patients with VUR are becoming less effective. Administration of first-generation cephalosporins, such as cefazolin, as first-line empiric therapy can lead to treatment failure because strains of many common causative pathogens of UTI, particularly E. coli, are highly resistant. Broad-spectrum antibiotics such as meropenem and piperacillinetazobactam are increasingly being used in children with recurrent UTI. One systematic review reported that fosfomycin, a very small hydrophilic compound with activity against several Gram-negative and Gram-positive aerobic bacteria, has a high level of antimicrobial activity against extended-spectrum b-lactamase (ESBL)-producing Enterobacteriaceae isolates with advanced resistance to antimicrobial drugs. 12 Moreover, it has been reported that combinations of fosfomycin with other antimicrobial drugs are successful against multidrug-resistant Gram-negative pathogens and biofilm-related bacteria in vitro. 13 In our pilot study, we evaluated the effectiveness of combination therapy comprising fosfomycin for 7e10 days plus amikacin for 5 days to treat infections due to Enterobacteriaceae species, and fosfomycin for 7e10 days plus ceftazidime for 7e10 days to treat infections due to P. aeruginosa in six children with recurrent UTIs (Table 3) . One of the six children had a successful response and no further episodes of infection were noted during 12 months of follow-up. Recurrent episodes occurred in four of the six children; however, in all four patients the uropathogens responsible for the recurrent episodes differed from those in previous episodes. Only one of the six children in the pilot study failed to respond to combination therapy and had persistent recurrent infections with the same uropathogen, namely P. aeruginosa. Treatment failure in that child might have been due to placement of a ureteral catheter to treat underlying ureteropelvic junction stenosis. Combination therapy comprising fosfomycin plus a second antimicrobial drug was shown to be an effective therapeutic strategy; however, further studies are needed to determine the efficacy of this treatment.
The most common uropathogen in primary and recurrent UTIs is E. coli and cefazolin is the drug of choice for treating such infections in children. In our previous study, we found that 86.5% of E. coli isolates from children with a first episode of community-acquired UTI were susceptible to cefazolin alone. 14 In another study conducted in Taiwan during 2003e2010, the rates of susceptibility to cefazolin among E. coli isolates obtained from children with community-acquired UTI ranged from 62% to 73%. 15 In the current study, the sensitivity of E. coli to cefazolin in the first episode group was 72.1%, but decreased to 32.4% in the recurrent episode group. Younis et al 16 demonstrated that urine cultures of isolates from children with recurrent or complicated UTIs are becoming increasingly resistant to commonly used antibiotics such as trimethoprimesulfamethoxazole or cephalexin.
In our study, the only significant predictor of recurrent UTI was the presence of additional urinary tract anomalies (30.9% vs. 13.1%, p Z 0.028), such as ureteropelvic junction stenosis, renal collecting system anomalies (duplication, renal dysplasia, ureterocele), or neurogenic bladder. One possible reason for this finding is that some of our patients were referred from local community hospitals with severe infections or for early surgical intervention. Another possible reason is that we included children with VUR and urinary tract anomalies in our study. These children are often exposed to other risk factors for recurrence such as additional surgical procedures, the need for urinary catheter placement, use of broad-spectrum antibiotics, and longer hospital stay, variables that are well-known to increase the rate of recurrence of UTI.
This study has some limitations, including its retrospective design and small sample size, which may have limited our ability to identify differences between groups. In addition, some important variables were not investigated because of the retrospective nature of the study, including the timing of diagnosing VUR, use of chemoprophylaxis, and adequate imaging to evaluate the presence of renal scarring. The definitions of reinfection and relapse utilized in this study were purely clinical in nature and are limited by the lack of clonal analysis. Finally, our pilot study on the effectiveness of fosfomycin therapy was limited to only six patients. Large-scale, prospective studies on fosfomycin alone and in combination with other antimicrobials are needed.
In conclusion, the rates of susceptibility of E. coli to many commonly used antibiotic agents decreased in children with VUR who were treated for recurrent UTI, especially in patients with additional urinary tract anomalies. The empiric choice of cefazolin or cefotaxime alone for recurrent UTI was usually ineffective. Surgical correction is suggested for children with recurrent reinfection. Clinical intervention comprising fosfomycin plus a second antimicrobial drug is a promising therapeutic and preventive strategy for managing recurrent relapsing UTI in children with VUR.
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